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Abstract 

Enterovirus 71 (EV71) has caused epidemics of hand, foot and mouth diseases in Asia during the past decades and no 
vaccine is available. A formalin-inactivated EV71 candidate vaccine (EV71vac) based on B4 subgenotype has previously been 
developed and found to elicit strong neutralizing antibody responses in mice and humans. In this study, we evaluated the 
long-term immunogenicity and safety of this EV71vac in a non-human primate model. Juvenile macaques were immunized 
at 0, 3 and 6 weeks either with 10 or 5 |xg doses of EV71vac formulated with AIP0 4 adjuvant, or PBS as control. During the 
56 weeks of studies, no fever nor local redness and swelling at sites of injections was observed in the immunized macaques. 
After single immunization, 100% seroconversion based on 4-fold increased in neutralization titer (Nt) was detected in 
EV71vac immunized monkeys but not PBS controls. A dose-dependent IgG antibody response was observed in monkeys 
receiving EV71 vac immunization. The Nt of EV71 vac immunized macaques had reached the peak after 3 vaccinations, then 
decreased gradually; however, the GMT of neutralizing antibody in the EV71vac immunized macaques were still above 100 
at the end of the study. Correspondingly, both dose- and time-dependent interferon-y and CD4 + T cell responses were 
detected in monkeys receiving EV71vac. Interestingly, similar to human responses, the dominant T cell epitopes of 
macaques were identified mainly in VP2 and VP3 regions. In addition, strong cross-neutralizing antibodies against most 
EV71 subgenotypes except some C2 and C4b strains, and Coxsackievirus A16 were observed. In summary, our results 
indicate that EV71vac elicits dose-dependent T-cell and antibody responses in macaques that could be a good animal 
model for evaluating the long-term immune responses elicited by EV71 vaccines. 
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Introduction 

Enterovirus 71 (EV71), a non-enveloped RNA virus of the 
family Picornaviridae , genus Enterovirus was first identified in 
California 45 years ago and subsequently reported in many parts 
of world [1,2]. EV71 and Coxsackievirus A16 (CVA16) are two 
major enteroviruses that cause epidemics of hand-foot-and-mouth 
disease (HFMD), but EV71 infection is associated with severe 
neurological diseases in young children [2] . Based on the sequence 
of the VP1 gene, EV71 is currently classified into 3 genotypes A, B 
and C, and genotypes B and C are further divided into B1-B5 and 
C1-C5 subgenotypes [2]. Genetic mutation and recombination 
between the RNA genome are known to contribute to the 
evolution of enterovirus [3,4]. The mutation rate in enterovirus is 



estimated as high as one mutation per neosynthesized genome [5] . 
Evidences of the intratypic and intertypic recombination in 
enterovirus have been reported during the recent epidemic in 
Asia. For example, the intertypic recombination of genes derived 
from EV71 and other enteroviruses such as CVA16, 14 and 4 had 
been happened to the emergence of subgenotype C4a and C4b 
[6]. The same phenomenon was also reported in subgenotype B 
and C2 [7,8]. The recombination process could allow EV71 to 
escape the host immunity and cause epidemic. EV71 outbreaks 
have occurred in the Asia-Pacific areas and caused many deaths in 
Taiwan, mainland China and Vietnam [1,2,9]. Unfortunately, 
neither a prophylactic vaccine nor antiviral therapy against 
HFMD is available now. 
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EV71 has an icosahedral viral particle containing a single, 
positive-sense RNA (7.5-8.5 kb) and four structural capsid 
proteins, including VP1, VP2 and VP3 on the external surface 
of the virion and VP4 within the interior of the viral particle [10]. 
Similar to other enteroviruses, the VP1, VP2 and VP3 of EV71 
are responsible for the induction of host immunity, but VP1 has 
been reported to contain the major neutralization epitopes [11]. 
Evidence from studies in mice and humans indicated that T cell 
immunity played a critical role in control of the disease and 
inhibition of virus replication. A decrease in cellular immunity or 
interferon (IFN)-y production is correlated with more severe 
clinical outcomes of EV71 infection, whereas neutralizing 
antibody titers show no differences between different EV71-realad 
diseases outcomes [12,13]. In contrast, neutralizing antibodies are 
important for preventing EV71 infection and blocking of EV71 
transmission. It has been reported that higher transmission rate 
was found to be correlated with a lower prevalence of neutralizing 
antibodies in children [14—15]. Mice were fully protected against 
EV71 infections by the passive transfer of neutralizing antibodies 
[16]. An ideal EV71 vaccine should be capable of inducing both 
cellular immunity and neutralizing antibodies against virus 
infection. 

Several types of EV71 vaccine candidates, including inactivated 
virus vaccine, attenuated virus vaccine [17], subunit/peptide- 
based vaccine [16,18] and virus-like particle vaccine [19], have 
been developed. The inactivated EV71 whole-virion candidate 
vaccines are the most promising and are currendy in clinical trials 
[20-24]. Although these clinical trials have reported that the 
vaccine is safe and immunogenic, the long-term safety and 
immunogenicity of these EV7 1 vaccine candidates are unclear. 
Therefore, we used macaques (non-human primate) as a model to 
evaluate the safety and long-term (over one year) immunogenicity 
of a formalin-inactivated EV71 whole-virion vaccine candidate 
(EV71vac) in this study. Our data demonstrated that EV71vac 
induced strong T- and B-cell immune responses and high cross- 
neutralizing antibodies against several EV7 1 subgenotypes but not 
CVA16. Therefore, these results provide valuable information for 
future HFMD vaccine development. 

Materials and Methods 

Ethics Statement 

All experiments were conducted in accordance with NHRI 
Laboratory Animal Center guidelines and approved by the 
NHRI Institutional Animal Care and Use Committee (Approval 
No. NHRI-IACUC-098033-A & NHRI-IACUC-099053-A). An 
US patent (US20 120045468 Al) has been filed with the results 
presented in this study. 

Animal welfare and steps taken to ameliorate suffering 

Ten young (1-3 years old) Taiwan macaques (Macaca cyclopis) 
using in this study were obtained from the Animal Health 
Research Institute of Taiwan, and pre-screened for no anti-EV7 1 
IgG antibody (titer <200) and neutralizing antibody (Nt <8). 
Animals were housed in a secured SPF room with locked double- 
doors and cameras to monitor the animal activity. Fresh fruit with 
fixed-formula diets (~4% of the body weight) on the basis of two 
times a day are used to feed the monkeys. At the beginning of this 
study, monkeys are moved into individual cage (62x62x72 cm) 
with the double-door, squeeze-back design to allow the monkeys to 
contact each other in vision but avoiding physical touch. To enrich 
the environment, some toys and different fresh fruit are provided 
to the animals. If an animal appears to be in poor condition, an 
adequate medical treatment or environment improvement will be 



used to relieve the pain or distress based on the recommendation 
of certificated veterinarians. All monkeys are moved back to the 
community cages with bigger space and better interaction with 
other monkeys in the end of this study. 

Animals were chemically restrained with Zoletil (1.4-4.5 mg/ 
Kg) before immunization or bleeding. The vital sign was 
monitored by breath and heart beating during the anesthesia. 
For bleeding, about 5 ml of heparinized blood was drawn from 
femoral veins each 3 weeks for the first 3 months, then every 3 
months until the end of this study. After drawn, monkeys were 
placed back into original cages for recovery, which usually needs 
15 — 20 minutes and under the veterinarian's supervision. A 
humane euthanasia is performed by pentobarbital intravenous 
injection (100 mg/Kg) under the certificated veterinarian's rec- 
ommendation, if animal is out of control such as unknown fever, 
severe diarrhea (containing blood, mucus and pus), moribund or 
not eating/ drinking and doesn't show improvement following 
medication or environmental enrichment. 

Monkey immunization 

For immunization, monkeys were randomly divided into three 
groups. The high dose group (A16, A25, A28 and A31) was 
vaccinated by intramuscular (im) injection with 10 u.g of EV71vac 
formulated with A1P0 4 (alum). The low dose group (All, A 14, 
A18 and A27) was im vaccinated with 5 [Ig of EV71vac 
formulated with alum. The control group (A20 and A21) was im 
vaccinated with PBS plus 300 u,g alum. All groups received two 
boosts with the same vaccine and dose three and six weeks later. 

Cells and viruses 

All EV7 1 strains used for the in vitro neutralization assay were 
grown in Vero cells. Vero cells were kindly provided by the 
Taiwan Centers of Disease Control (Taiwan CDC). The EV71/ 
E59 strain (B4 subgenotype), a clinical isolate of the EV7 1 virus, 
and C4D (C4a subgenotype) were obtained from the Taiwan 
CDC. EV71 clinical isolates 0204/TW86 (Bl subgenotype), 
N0692/TW08 (B5 subgenotype), N0448/TW08 (B5 subgeno- 
type), 5746/TW98 (C2), 4643/TW98 (C2), 1757/TW98 (C4a), 
N3340/TW02 (C4b), and Coxsackievirus A16 5079/TW98 were 
obtained from Nation Cheng Kung University, Taiwan. 

EV71 vaccine candidate (EV71vac) 

The inactivated EV71vac vaccine made from EV71/E59 strain 
(B4 subgenotype) was produced and fully characterized as 
previously reported [25]. The EV71vac products (20 |Xg of vaccine 
bulk formulated with 3 mg of A1P0 4 in 1 mL of PBS) were stored 
at 4°C for the animal study. 

ELISA 

Specific IgG titer against EV7 1/E59 was determined by ELISA 
[22]. Inactivated EV71/E59 (1 ug/mL) was coated onto 96-well 
microplates (NUNC) overnight. After being washed with 0.5% 
Tween 20 in PBS (PBST) and blocked with 1% bovine serum 
albumin (BSA)/PBS at room temperature (RT), 100 |iL of two- 
fold serially diluted sera (beginning with 1:200) were added to the 
microplates. The microplates were incubated at RT for 2 hours, 
washed with PBST and 100 uL of goat anti-monkey IgG antibody 
conjugated with HRP (1:5000; AbD Serotec) was added for 1 hour 
at RT. After washing, 100 |xL of chromogenic substrate was added 
and allowed to incubate for 20 minutes. Absorbance was measured 
at 405 nm using a spectrophotometer. The IgG titer was defined 
as the endpoint of serial dilution with optical density two-folds 
higher than the background. 
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Virus neutralizing assay 

Sera in a two-fold serial dilution with cell culture medium were 
added to microtubes. A suspension of 200 TCID 5() of virus 
(400 uE) was added to a tube containing diluted sera (400 uE). 
After incubation at 4°C for 18-24 hours, 100 uE of virus-serum 
mixture was added to Vero cells cultured in 96-well plates and 
incubated for seven days at 37°C, and TCID 50 values were 
measured by counting cytopathic effects. The 50% neutralization 
inhibition dose was obtained by calculating the geometric 
reciprocal of the serum dilution yielding 50% reduction using 
the Reed-Muench method. 

ELISPOT assay 

Multiscreen plates (Millipore) were coated with anti-human 
IFN-y antibody (2 Hg/ml) or anti-human IL-4 antibody (5 u.g/mL; 
all from BD). After washing and blocking with culture medium, 
duplications of 5 x 10' fresh PBMCs were added with concanavalin 
A (5 ug/mL; Sigma), inactivated EV71/E59 (50 |J.g/ml) or 5 |Xg/ 
mL of VP1, VP2 or VP3 peptide mixture prepared from a series of 
15-mer peptides with 10-mer overlapping to cover whole VP1 (1- 
295 aa), VP2 (1-254 aa) or VP3 (1-242 aa), respectively [20,24]. 
After 40 hours of incubation, the plates were washed and 
incubated with a biotinylated antibody against IFN-y (1 u.g/mL) 
or IL-4 (2 |J.g/mL) for 2 hours at 37°C. HRP-conjugated avidin 
was added and incubated for 1 hour at 37°C. The assays were 
developed with DAB (Invitrogen) and stopped with tap water. 
Data were analyzed using ImmunoSpot software (CTL) and 
presented as the number of spot-forming cells (SFCs)/10 b PBMCs. 

Intracellular cytokine staining 

Fresh PBMCs (2xl0 6 ) from monkeys that received EV71vac 
immunization twice (week 6) were cultured in 96-well round- 
bottomed plates at 37°C in a 5% C02 incubator and stimulated 
with inactivated EV71, PMA plus ionomycin or medium alone. 
Cytokines were retained in the cytoplasm by adding Golgi-plug 
and Golgi-stop inhibitors 4 hours after stimulation. After 18 hours 
of incubation, cells were harvested, washed with staining buffer 
(PBS with 0.5% BSA) and blocked with anti-CD16 and anti-CD32 
antibodies for 20 min at 4°C. The surface markers were stained 
with anti-monkey CD3, CD4 and CD95 conjugated with APC, 
PerCP and PE, respectively (all from BD) for 20 min at 4°C. After 
washing, cells were permeabilized with Cytofix buffer (BD 
Bioscience) and stained with FITC-conjugated anti-monkey TNF 
for 20 min at 4°C. Finally, cells were resuspended in 0.5 ml fixing 
solution (eBioscience) and assayed by FACS Caliber. Data were 
analyzed by Flowjo software (Treestar), and the CD3 + CD4 T 
cell population was gated and presented. 

Statistical analysis 

All statistical analyses were performed using two-way ANOVA 
with Bonferroni post-tests from Prism 5.0 software (GraphPad), if 
there is no additional description. 

Results 

Vaccine safety 

Ten juvenile macaque monkeys (1-3 years old) with a body 
weight range between 1.7-5.0 kg (Median: 2.8 kg) were divided 
into three groups, and every group had an equal number of male 
and female monkeys. Two groups (4 macaques/group) were 
vaccinated three times at 0, 3 and 6 weeks either with high (10 u,g) 
or low (5 |lg) doses of EV71vac; and the control PBS group (two 
macaques) was immunized with PBS/alum. Physiological condi- 
tions and adverse side effects were monitored by daily routine 
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examination. During the 56 weeks of the study, no vaccine-related 
side effect such as fever, local specific redness or swelling at the site 
of injections was observed in the immunized monkeys (Table SI). 
The full blood count analysis were also shown to be homeostatic 
status in RBC, platelet and eosinophil count; only WBC count was 
found to be varied during the period of the experiment (Table S2). 
The current safety data of EV71vac from the immunized monkeys 
was found to be consistent with the results obtained from the 
previous human clinical trial [22]. 

Specific anti-EV71 IgG antibody responses 

After a single immunization, the EV7 lvac regardless dosage 
elicited 100% seroconversion (a 4-fold increase in IgG antibody 
titer) in the immunized monkeys as shown in Table 1 . In contrast, 
the PBS control group after immunization both anti-EV7 1 
neutralization titer and IgG titer remained to be <8 and <200, 
respectively. The geometric mean titer (GMT) of specific anti- 
EV71 IgG in high- and low-dose immunized monkeys was found 
to be 1903 and 1600, respectively. The GMT of anti-EV71 IgG in 
EV71vac immunized monkeys increased further following the 
second and the third doses and reached a peak at week 1 2. After 2 
doses the high- dose immunized monkeys had significantly higher 
anti-EV7 1 IgG titers than those monkeys immunized with low- 
dose (p<0.05). Anti-EV71 IgG titers were found to decline quickly 
after the peak but still remained detectable at 56 weeks, the end of 
the experiment. The GMT of anti-EV71 IgG at week 56 was 
tested to be 476 and 283 for high- and low-dose immunized 
monkey groups, respectively. The current results suggest that 
EV71vac could elicit strong and quick anti-EV71 IgG antibody 
responses in monkeys, but the IgG antibody titers were 
surprisingly found to decline close to the baseline level 1 year later. 

Neutralizing antibody responses against vaccine strains 

It is of interest to investigate whether EV7 1 specific IgG could 
neutralize the vaccine strain. The EV71 -specific neutralization 
titer (Nt) in the pre-immune serum of all monkeys was below the 
detection limit (<8). After first vaccination, both high- and low 
dose immunized monkeys generated neutralizing antibodies and 
the GMT was found to be 140 and 154 for the high- and low-dose 
monkey groups, respectively (Table 2). The Nt in the PBS control 
group was remained <8. After two boosting doses, the GMT in 
the high- and low-dose immunized monkey groups were increased 
to 4083 and 5053, respectively at week 9 (Table 2). The booster 
dose could enhance the neutralizing antibody responses: the Nt of 
post-3 rd dose > Nt of post-2 nd post > Nt of post 1 st dose. In 
contrast to the dose-dependent anti-EV71 IgG responses, the 
GMT of neutralizing antibody was found to be similar in both 
high- and low-dose immunized monkey groups. Similar to IgG 
responses, as shown in Table 2 the EV71 -specific neutralization 
ability was found to decrease quickly after the final immunization 
and the GMT at week 12 dropped to 1446 and 1640 for the high- 
and low-dose groups, respectively. The GMT in the high- and 
low-dose immunized groups 56 weeks after vaccination was found 
to be 450 and 105, respectively. In Table 2 the neutralizing 
antibody response in low-dose group was shown to decrease 
significantly and faster than the high-dose group (p<0.0l). 
Although the Nt of each EV71vac immunized macaques had 
dropped significandy every month after the third vaccinations, 
100% (4/4) of high-dose immunized monkeys still had Nt > 100 at 
week 56. In contrast, 50% (2/4) of the low-dose group had Nt > 
100. 
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Figure 1 . EV71 -specific T cell responses induced by EV71 vac vaccination. PBMCs from monkeys immunized with high (n = 4) or low doses of 
EV71vac (n = 4) or PBS control (n = 2) were stimulated with inactivated EV71 virus or medium alone. Specific IFN-y or IL-4 production responding to 
EV71 antigen stimulation were assayed by ELISPOT, and the number of spot forming cells per million subtracted from the medium alone is 
represented (A and B). At week 6, PBMCs from some of the high or low dose EV71 vac-immunized monkeys (n = 3) or PBS controls (n = 1 ) were assayed 
for the percentage of TNF-producing CD4 + T cells by intracellular staining and gated on CD3 + CD4 + population. The typical result for TNF-producing 
CD4 + T cells (CD95 + TNF + ) from one high dose (A31) and one low dose (A1 1) subject after stimulation with medium, inactivated EV71 or PMA plus 
ionomycin is shown (C). Data for EV71 -specific TNF-producing CD4 + T cells from all monkeys are summarized in (D). 
doi:10.1371/journal.pone.0106756.g001 



Specific T-cell responses to EV71 

To investigate the T cell response, we further measured EV71- 
specific IFN-y and IL-4 production by ELISPOT assay. None of 
the monkeys showed EV7 1 -specific IFN-y or IL-4 responses before 
immunization. After immunization, the EV7 1 -specific IFN-y 
response was initially detected in one high-dose immunized 
monkey at week 3 and reached to a peak at week 6 after 1 
booster dose (Figure 1A). A dose-dependent IFN-y response was 
observed in the EV71vac immunized monkey groups. However, 
the EV71 -specific T-cell responses were found to decline quickly 
after the final immunization, and only monkeys in the high-dose 
group retained detectable specific IFN-y production 6 weeks later. 
Interestingly, only one high-dose immunized monkey developed 
EV7 1 -specific IL-4 responses but not the others (Figure IB). We 
also performed intracellular staining to measure TNF-producing 



CD4 + T cells in the high- and low-dose EV71 vac-immunized 
monkeys (n = 3) and one PBS control monkey at week 6 
(Figure 1C). Without inactivated EV71 virus stimulation, TNF- 
producing CD4 + T cells were an average of 0.159±0.019% of 
total monkey CD4 + T cells. In the stimulation with inactivated 
EV71 virus, a significant increase TNF-producing CD4 + T cells 
was detected in the high-dose immunized monkeys but not in the 
low-dose group or PBS control (Figure ID; p<Q.Qb). The EV71- 
specific TNF-producing CD4 + T cells for high dose, low dose and 
PBS control were shown to be 0.398±0.073, 0.205±0.075 and 
0.146, respectively. 

Antigenicity of EV71 capsid proteins 

To characterize whether EV71vac could induce EV71 capsid 
protein-specific T-cell immune responses in macaques, the cellular 
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Figure 2. Analysis of dominant T-cell region among EV71 capsid proteins. PBMCs from monkeys that had received a 2 nd immunization 
(week 6) were stimulated with recombinant VP1, VP2 or VP3 protein, and the T-cell response was analyzed by ELISPOT. The IFN-y (A) and IL-4 (B) 
response from individual monkeys are represented (blank circle: high dose; blank triangle: low dose; black circle: PBS control), and the mean for high 
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doi:1 0.1 371 /journal.pone.01 06756.g002 



immune responses to different capsid proteins were performed and 
compared. A series of 57, 49 and 47 overlapping peptides covered 
VP1, VP2 and VP3 protein were synthesized and used to stimulate 
EV71 -specific T cells [20,24]. None of the monkeys showed 
EV7 1 -specific IFN-y or IL-4 responses before immunization. After 
the 2 nd immunization (week 6), 25% (1/4) of the low-dose 
immunized group (monkey A27) and 75% (monkeys 16, 25 and 
28) of the high-dose immunized group but none of the PBS control 
group developed specific IFN-y production (Figure 2A). In 
contrast, two monkeys (monkey A16 and A28) in the high-dose 
vaccine group generated specific IL-4 responses (Figure 2B). 
Compared with different EV7 1 antigens, VP2 and VP3 were 
seemed to be the most immunogenic. High level of VP2-specific 
IFN-y responses was detected in three different EV71vac 
immunized monkeys. VP1 was the lowest, and only one monkey 
(A28) immunized with high-dose vaccine demonstrated weak but 
significant IFN-y and IL-4 responses. The EV7 1 -specific IFN-y 
response of A28 was induced by VP1 and VP2, but by VP2 and 
VP3 in macaque A16. The responses of A27 and A25 were 
induced by VP3. The T-cell antigenicity seems to be caused by 
individual macaque rather than by viral capsid proteins. 

Cross-neutralizing antibody responses against different 
EV71 genotypes 

It is important to know whether neutralizing antibodies induced 
by EV71vac could cross-neutralize other EV71 subgenotypes. 
Eight different EV7 1 strains and one Coxsackievirus A16 (CVA16) 
strain were used for the cross-neutralization test. No cross- 
neutralizing antibody responses (<8) were detected in any 
pre-immune sera. After immunization, dose-dependent cross- 
neutralizing antibody responses against EV7 1-0204 (Bl), EV71- 
0692 (B5), EV71-0448 (B5), EV71-4643 (C2), EV71-C4D (C4a) 
and EV71-1757 (C4a) were found in EV71vac immunized 
monkeys and remained detectable even 56 weeks after vaccination 
(Table 3). In contrast, EV71vac elicited no cross-neutralizing 
antibody responses against subgenotype C2 (EV7 1-5746), C4b 
(EV71-N3340) and CVA16 (CVA16-5079N). These are surprising 
but interesting results since rabbit and mouse antisera induced by 



EV71vac in our previous studies [20,22,25] could neutralize C2 
(EV7 1-5746) and C4b (EV7 1-N3340). From our recent clinical 
trial study [24], about 20% of human sera obtained from adult 
volunteers immunized with EV71vac could cross-neutralize 
subgenotype C2 (EV7 1-5746), C4b (EV71-N3340) and CVA16 
(CVA16-5079N). Therefore, this phenomenon seems to be caused 
by both individual macaque genetic background differences and 
vaccine strain. 

To clarify the difference in cross-neutralization, we also 
performed a bioinformatics analysis by aligning the amino acid 
sequence of PI protein between these strains and the vaccine 
strain, EV71/E59. The similarity between EV71/E59 and 
CAV16-5079N was the lowest. The sequence homology between 
EV71/E59 and other strains such as EV71-4643, EV71-5746, 
EV71-N3340 and CVA16-5079N was found to be 96.87%, 
96.87%, 97.10% and 80.05%, respectively (Figure SI). Even the 
identity is >96%, there are 27, 27 and 25 amino acid changes 
between EV71/E59 and EV7 1-4643, EV71-5746 and EV71- 
N3340, respectively. These amino acid differences could suffi- 
ciently alter the structural and conformational epitope(s) that the 
neutralizing antibodies would not recognize and prevent viral 
infections in the neutralization assay. 

Neutralizing antibody responses of monkeys 
revaccinated again one-year later 

To understand the boosting effect of EV71 vac-specific memory 
immunity, at 56 weeks all EV71vac immunized monkeys were 
revaccinated two times of 5 [Lg of EV7 lvac 3 weeks apart. Before 
the booster dose, the GMT of neutralizing antibody titer was 
below 500 in all EV71vac immunized monkeys. The neutralizing 
antibodies increased in all immunized monkeys after the first 
booster dose and the GMT of Nt were elevated from 450 to 1090 
and 106 to 661 for the high- and low-dose groups, respectively 
(Table 4). Compared to the primary immunized monkeys with a 
GMT of 140 and 154 in week 3 (Table 2), the quick and strong 
increase of neutralizing antibodies in the secondary immunized 
monkeys suggest that a booster response is induced by the existing 
EV7 1 -specific memory immunity. It is also noted that this memory 
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response was dose-dependent and significant higher neutralizing 
antibodies were observed in pre-immunized monkeys with the 
high-dose than those obtained from the low-dose of EV71vac 
vaccine group (/?<0.05 by Two-way ANOVA test). 

Discussion 

Several inactivated EV7 1 whole-virion vaccine candidates have 
been developed and being tested in human clinical trials [20-27]. 
However, the long-term safety and immunogenicity of these EV71 
vaccine candidates is less well reported. Given that EV71 
epidemics happen frequently in Asia-Pacific countries [2,9], it is 
important for an EV71 vaccine to offer safe and long-term 
protection. In this study, we reported the long-term (>56 weeks) 
safety and immunogenicity studies of an inactivated EV7 1 virus 
vaccine (EV71vac) in non-human primates (macaques). The 
current safety data have shown EV71vac immunized macaques 
to have stable blood count and no local nor systemic adverse 
effects over the entire 56 weeks study. These results also suggest 
that a high dose (10 lig) of EV71vac is safe and well tolerated in 
young macaque model as the safety data shown in the recent 
human clinical trial [22]. 

Other EV71 vaccine studies in monkeys [27,28] were short- 
term and reported increase in the neutralizing antibody responses, 
so it was difficult to know their potential for long-term protection. 
The current results demonstrate that all immunized monkeys after 
receiving a single EV7 lvac vaccination regardless to dosage were 
100% seroconversion as judged by 4-fold increase IgG antibody 
responses and had GMT of neutralizing antibody > 100. These 
results are very similar to other monkey immunogenicity reports 
[27,28] and our recent clinical studies [22,24] in which the adult 
volunteers immunized with 5- and 10-|Xg dose of EV71vac had 
shown to have 100% seroconversion rate in their IgG titers and Nt 
titers. The booster dose could further enhance the neutralizing 
antibody responses: the Nt of post-3 rd dose > Nt of post-2 nd post 
> Nt of post 1 st dose. These results are different from the human 
trial where no significant Nt elicited by the second dose of 
EV71vac [22]. Although the GMT of neutralizing antibody in 
vaccinated macaques after 3 immunizations were found to be 
similar (4084 and 5054 for high and low dose groups, respectively), 
the decline of Nt generated from 10 u\g dose was much slower and 
found to have higher Nt than those obtained with 5 |J.g dose at all 
time point of post-immunization (Table 2). The current results 
also suggest that 10 ug dose of EV71vac would be better for the 
long-term immunity since the GMT of neutralizing antibody is 
found to be >450 from the 56-weeks sera. The similar results were 
observed with macaques' sera at 33 weeks post immunization with 
20 tig dose of inactivated EV7 1 whole-virion [28] . 

Although the protective level of neutralizing antibody against 
EV71 infection in human is unclear, the neutralizing antibodies 
with Nt > 1 00 have been shown to protect against EV71 infection 
in mouse challenge model [26]. In the current study, 50% of 
monkeys after a single dose in both EV71vac immunized groups 
had generated protective neutralizing antibody responses (Nt > 
100) at week 3 and all EV71vac immunized monkeys had Nt > 
100 response after two doses of vaccinations. Although the Nt of 
each EV71vac immunized macaques had dropped significantly 
every month after the third vaccinations, 100% (4/4) of high-dose 
immunized monkeys still had Nt > 100 at week 56. In contrast, 
50% (2/4) of the low-dose group had Nt > 1 00. To our knowledge, 
this is the first report of an EV71 vaccine candidate that can 
induce a year-long protective antibody response against EV7 1 in a 
non-human primate model. 
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Table 4. The neutralizing antibody responses after EV71vac booster one-year later. 





EV71vac vaccinated Group 


Nt titers (GMT)* 










Pre-booster (56 weeks) 


Boosted 


After 1 st booster 
(56+3 weeks) 


After 2 nd booster 
(56+6 weeks) 


High dose (10 |ig) 


451 ±122 


EV71vac (5 |ig/dose) 


1090±137' 


1413±67' 


Low dose (5 |ig) 


106±81 


EV71vac (5 (ig/dose) 


661 ±101 


827±121 


PBS 


<8 


PBS 


<8 


<8 



# The neutralization titer (Nt) was assayed with EV71/E59 (B4 subgenotype) and the GMT ± SE was shown. 

^Three groups were boosted two times at week 56 and 59 with 5 fig of EV71 vac vaccine for both high dose (n = 4) and low dose (n = 4) group or with PBS formulated 
with alum (n = 2). 

There is a significant difference compared to low dose group (p<0.05 by Two-way ANOVA test). 
doi:1 0.1 371 /journal.pone.01 06756.t004 



The dose-dependent EV71 -specific IFN-y production observed 
in the immunized monkeys indicated EV71vac induced T-cell 
responses. Higher T-cell and long-lasting neutralizing antibody 
responses in the high-dose immunized monkeys suggested that 
memory T-cell responses might be induced and correlated to the 
long-lasting neutralizing antibody production. Similar to other 
monkey immunogenicity study [28], an IFN-y dominant T cell 
response was observed in our results. Alum was used as the 
adjuvant in this study, the immunization with EV71vac did not 
shift to a bias Th2 response (higher IL-4), but good IFN-y 
responses instead. This IFN-y skewing Th 1 response is interesting 
and unlike other finding with subunit vaccines formulated with 
alum [29]. The difference may come from the remaining viral 
RNA in EV7 1 vac that could function as a toll-like receptor agonist 
as proposed by Lin et al. [28], or the immunogenic nature of 
EV7 1 capsid proteins as seen in EV7 1 infected adults [30] . It has 
been reported that IFN-y plays an important role in mice against 
EV71 [31,32] and is associated with the reduced severity of 
HFMD [33]. Therefore, the higher IFN-y production in EV71vac 
immunized monkeys should provide strong benefits against EV7 1 
infection. In addition, a dose-dependent T-cell response, including 
EV71 -specific IFN-y production and a percentage of specific 
CD4 + T cells, was associated with a dose-dependent antibody 
response. The induced EV7 1 -specific CD4 + T cells contribute to 
the differentiation of memory B cells and maintenance of 
long-term protective neutralizing antibodies. This is supported 
by the findings that a dramatic increase (ranging from 2 to 30-fold) 
in neutralizing antibody responses when the immunized macaques 
were re-vaccinated again after 56 weeks (Table 4). 

Previous EV71 vaccine studies demonstrated that VP1 was the 
major target for neutralizing antibodies [34], and some CD4 T 
cell epitopes had been reported in this region [35]. Meanwhile, it 
has been reported that cross-reactive T cell epitopes for other 
enteroviruses and poliovirus are mainly located in VP2 and VP3 
[36]. Recendy, Tan et al. reported that VP2-dominant CD4 + T 
cell responses were detected in EV71 exposed and/or infected 
humans [30]. Interestingly, our monkey T cell results were 
correlated to human responses where VP2 and VP3 seemed to be 
more immunogenic than VP1. High level of VP2- and VPS- 
specific IFN-y responses was detected in three different EV71vac 
immunized monkeys (fig. 2A). VP1 was the lowest, and only one 
monkey (A28) immunized with high-dose vaccine demonstrated 
weak but significant IFN-y response. The individual macaque 
genetic differences also play important T-cell immune responses. 
The EV71 -specific IFN-y response of A28 was induced by VP1 
and VP2, but in macaque A16 induced by VP2 and VP3. The 
responses of A27 and A25 were induced by VP3. Given the 
different regional bias in the epitopes of neutralizing antibodies 



and CD4 + T cells between mice and human [34,37], together with 
sharing of a cross-neutralizing pattern and CD4 + T cell dominant 
regions between monkeys and humans in this study, it suggests that 
monkey is a better animal model than mouse to evaluate 
immunogenicity of the EV7 1 vaccine. 

Due to the recent epidemics caused by different subgenotypes of 
EV71, it is important for EV71 vaccine candidates to induce cross- 
neutralizing antibodies against different genotypes or subgenotypes 
of EV71. Our B4 subgenotype-based EV71vac elicited cross- 
neutralizing antibodies to Bl, B5 and C4A and partial cross- 
neutralizing antibodies to C2 but not to C4b and CVA16. It is 
similar to a human study that demonstrated weak cross- 
neutralizing antibodies to C2, C4B and CVA16 [22,24]. The 
dissimilarity in amino acid sequence may account for the no 
neutralizing activity to CVA16 (80%), but the sequence homology 
between B4 and C2 or C4b subgenotypes is found to be >96% 
(Figure SI). The difference in cross-neutralization between C4a 
and C4b may result from the genetic substitution or recombina- 
tion. It has been reported a nucleotide substitution, which could 
cause an amino acid change in VP1 that had reverted into C4b 
viruses from C4a [6]. In addition, C4a has been proposed as a 
recombinant virus of EV71 and CVA16 in the nonstructural 
protein genes region [6]. But EV71-3340N (C4b) was identified as 
a recombinant virus between EV71 subgenotype C2 and B2 [7]. 
The occurrence of intra- and inter-genotypic recombination could 
cause both genetic and antigenic changes that reduce and prevent 
the cross-neutralization activity as observed in this study. Between 
the two C2 subgenotype viruses (EV7 1-5746 and EV7 1-4643), we 
found two amino acid changes (Figure SI) in VP1-145 (Q, to E) 
and VP 1-283 (F to S) that might result in the antigenic changes 
and totally different in the cross-neutralizing activity. With regard 
to the differences in cross-neutralization patterns and the antigenic 
determinants among EV71 subgenotypes and other enterovirus 
such as CVA16 [17,38], it implies that development of multivalent 
HFMD vaccines is necessary. 

To develop a potent vaccine against EV7 1 , we demonstrate that 
EV71vac is capable inducing both EV7 1 -specific T-cell and 
neutralizing antibody responses in macaques; and the protective 
cross-neutralizing antibodies against different genotypes of EV7 1 
maintain for over one year. Our results here also supported that 
monkey is a better animal model for EV71 vaccine potency 
evaluation based on their similarity cross-neutralizing pattern and 
T cell antigenicity. Therefore, the current monkey results provide 
a strong rationale for long-term evaluation of EV7 lvac in phase II 
human clinical trials. 
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Supporting Information 

Figure SI Sequence alignment and amino acid similar- 
ity of the Plprotein (1-862 a. a.) between different 
enteroviruses. All of the PI protein sequences were obtained 
from NCBI protein database and aligned by clustalW alignment. 
The consensus amino acid sequence was shown in the bottom line 
and the changed amino acids were indicated. The similarity of 
sequences was also represented in the bottom table. 
(DOC) 

Table SI Physiological information of 10 monkeys 
involved in this study and the side effect results after 
each vaccination. 

(DOC) 
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